One sentence summary: Physiological redox conditions modify disulfide bonds of the capsid of Qβ phage without decreasing infectivity, whereas total reduction disrupts the capsid and chlorine oxidation disrupts especially minor proteins.
INTRODUCTION
Phages of the family Leviviridae, also called F-specific RNA phages, are divided into two genera, Levivirus [Genogroup I and II (GI and GII)] and Allolevivirus [Genogroup III and IV (GIII and GIV) ]. They are all able to infect Escherichia coli present in the gut of mammals and are transmitted through the fecal-oral route from a contaminated environment. Such viral particles, with a size ranging from 20 to 30 nm, are composed of capsid proteins (one major protein CP and one or two minor proteins A1 and A2) and a positive-sense single-stranded RNA genome (King et al. 2012) . Because of these characteristics, they are widely used as models to understand pathogenic enteric virus behavior in the environment (Chung et al. 1998; Grabow 2001; Allwood et al. 2003; Deboosere et al. 2012) and are commonly detected in water as fecal indicators (Cole, Long and Sobsey 2003; Ogorzaly et al. 2009; Haramoto et al. 2012; Hartard et al. 2015) .
GIII represented by Enterobacteriophage Qβ (Qβ phage) shows some distinctive features compared to the other members of the family. One structural particularity is the presence of disulfide bonds in their capsid contrary to the whole genus of Levivirus (GI and II) . Although the presence of disulfide bonds has been shown to generally highly stabilize viral capsids (Bundy and Swartz 2011; Fiedler et al. 2012) , inactivation of GIII in environmental media (defined as the loss of the capacity to infect bacterial cells) is sometimes much higher than for GI and GII (Long and Sobsey 2004; Muniesa et al. 2009; Hartard et al. 2015) .
The reasons for such a difference have not been explored yet, but it shows that stability and inactivation should be considered separately. Another particularity of GIII phages (that is the same for GII) compared to GI is that they express a higher specificity for the human gut compared to other mammals even if the host bacteria are the same (i.e. E. coli expressing F-pili). Again, the reason why some phages have a higher specificity for humans (GIII and GII) or animals (GI) is not known but, if the host bacteria are the same, some of the reasons may also be linked to the local environment during the infectious cycle.
Redox conditions may change markedly during the life cycle of such phages. They alternate replication in their hosts (i.e. intestinal bacterial flora) and persistence in the environment (e.g. water). Thus, the morphogenesis of such viral particles takes place in a reducing medium (bacterial cytoplasm) especially due to the presence of intracellular glutathione (Hwang, Sinskey and Lodish 1992) . They are then released in another reducing environment outside the target cells (i.e. the human gut Aw 2011, 2012) ). Finally, they are excreted in oxidizing media outside the human host (stools, waters, soils, food) (Bundy and Swartz 2011) and are sometimes exposed to disinfection processes, which use strong oxidants like free chlorine. These processes have proven to be efficient in the inactivation of pathogenic viruses and their surrogates (e.g. bacteriophages) when conditions are carefully defined (Sharp and Leong 1980; Boudaud et al. 2012) . The mechanisms of inactivation in the presence of strong oxidants are not fully known but some recent data suggest, under such extreme conditions, oxidation of all amino acids in the capsid (Sano et al. 2010) .
If the viral particles are not inactivated in the environment, they are able to infect a new host in a reducing environment (i.e. the human gut). Phage capsids should switch from highly resistant forms to more labile forms able to release their genome inside bacteria. The existence of both labile and highly resistant forms has been previously described as being the virus paradox (Greber 1998; Mateu 2013) .
Cysteine is one of the most reactive amino acids to different redox environments. Two cysteines are present in the major protein (CP) of Qβ. They are involved in disulfide bonds between subunits. Among the two minor proteins of the capsid, the maturation protein (A2, 1 copy) contains no cysteine and the readthrough protein (A1, 3-10 copies) contains four cysteines in addition to those contained in the CP portion (Bacher, Bull and Ellington 2003) . These cysteines have not yet been described as being involved in disulfide bonds. Focusing on cysteine modifications of viruses in different oxidation and reduction environments, oxidation by 1 O 2 was shown to oxidize cysteines not involved in disulfide bonds among other amino acids during the inactivation process (Wigginton et al. 2010) . Sano et al. (2010) assumed that the oxidation of cysteine, methionine and tyrosine had a significant impact on the inactivation process during disinfection, but they were not able to detect them with the approach used. To our knowledge, no data are available on the sensitivity to oxidation of cysteines involved in disulfide bonds for naked viruses. On the other hand, the effect of strong reducing agents such as dithiothreitol (DTT) has been studied but mostly on virus-like particles (VLPs: capsids without genome). For Qβ phages, it was shown that this reagent, by breaking disulfide bonds, leads to a lower dissociation temperature for the capsids (Ashcroft et al. 2005; Fiedler et al. 2012) . But, in all these cases, no link has been made with infectivity. Some studies on the effect of DTT on virus infectivity have been conducted but primarily on enveloped viruses, showing mainly an inactivation process (Carver and Seto 1968; Klingeborn and Dinter 1972) . Thus, there is a lack of information concerning the link between infectivity and the global structure of the proteins of the capsid under oxidizing and reducing conditions. Moreover, the modifications caused by this kind of strong oxidizing and reducing agents on permeability or conformation of the capsids are also poorly known. There are even fewer data available concerning the effect of physiological oxidizing or reducing agents. The aim of this work was thus to define the effect of reducing and oxidizing agents on the infectivity of Qβ phage and its proteinaceous capsid focusing mainly on cysteine residues of the major protein. The goal was to gain a better understanding of the conformational changes of phage particles during their life cycle and to define more precisely some limits over which a loss of infectivity is observed. Thus, two physiological reducing and oxidizing agents as well as two non-physiological stronger agents were used as treatment in this study. The 'physiological' compounds used were (i) hydrogen peroxide (H 2 O 2 -pKa: 11.7), an oxidant involved in many cellular processes (Stone and Yang 2006) , and (ii) glutathione (thiol-pKa: 9.7), a major endogenous antioxidant produced by the cells allowing a reduced environment to be maintained within them (Ma et al. 2014) . The nonphysiological compounds used to obtain extreme conditions were (i) sodium hypochlorite (NaClO-pKa: 7.5), a strong oxidizing compound widely used for disinfection treatments (Sehulster et al. 1981; Tree, Adams and Lees 2003) (hypochlorous acid being also a potent cytotoxic agent generated by neutrophil cells) (Fu et al. 2000) , and (ii) DTT (thiols-pKa: 9.2 and 10.1), a powerful reducing agent.
Qβ phage was used as a model of F-specific RNA phage mainly because it expresses disulfide bonds on its capsid, and it develops in the human gut in E. coli under reducing conditions. For all reducing or oxidizing conditions, the structure of the particles was observed by electron microscopy, the presence or not of disulfide bonds was followed by SDS-PAGE, and the conformational changes were investigated using a fluorescent hydrophobic probe. In each situation, retention of infectivity was controlled.
MATERIALS AND METHODS

Production and purification of Qβ phage suspension
Qβ bacteriophage replication was performed as described in the standard procedure (AFNOR Normalisation 2001) (without the chloroform step) using Escherichia coli K-12 Hfr as host cells. Two flasks containing 250 mL of medium were used for each phage production. When replication was completed, the phage suspension was centrifuged twice (6000 g, 20 min, 4
• C) in order to re- 
Enumeration of infectious Qβ phage and its genome
Qβ infectious titer was determined according to the doublelayer agar method (AFNOR Normalisation 2001) using E. coli K-12 Hfr as host cells. The plates were incubated overnight at 37
• C, and then phages were enumerated. The phage concentration was then expressed in PFU·mL −1 . Quantification of the phage genome was performed by specific real-time RT-PCR as previously described (Ogorzaly and Gantzer 2006) .
Changes in the redox environment
For all experiments, Qβ phage was used at a concentration of 4-7 × 10 12 PFU·mL −1 . Oxidation experiments were conducted in PBS buffer (pH 7.4). H 2 O 2 assays (3%, stabilized stock solution; Acros Organics, Geel, Belgium) were performed for 30 min at room temperature by mixing equal volumes of phages and H 2 O 2 to obtain the desired concentration, while NaClO (5% stock solution, Acros Organics) incubations were conducted for 10 min. The concentrations of NaClO used were checked at the beginning of the experiment by the DPD (N,N-diethyl-p-phenylenediamine) colorimetric method (Standard Methods Organization 2005) . Reduction assays were achieved using a Tris-HCl buffer, pH 8 (30 and 100 mM for DTT and glutathione, respectively). Incubations with DTT were performed for 30 min, while equilibration with glutathione (GSH/GSSG = 2 × 10 4 , 5 mM) was done for 1 h. Reversibility experiments were carried out first by subjecting Qβ phage to equilibration with glutathione for 1 h, then by adding H 2 O 2 at a final concentration of 30 mM (30 min). A range of different concentrations was performed for H 2 O 2 -, DTT-and NaClO-induced inactivation. A unique concentration was then chosen for further analysis and re-iterated at least three times (30, 25 and 1 mM, respectively).
Reactions were generally stopped by immediately cooling the phage suspension in ice, and then the suspension was either diluted 100 times for infectivity measurement or stored for further analysis. Most of the time (unless otherwise stated), reactions with NaClO were quenched with an excess of sodium thiosulfate (6 × 10 −5 mM).
Differential scanning fluorimetry
The thermal stability of Qβ phage was studied using thermal denaturation in the presence of the hydrophobic probe SYPRO Orange (Niesen, Berglund and Vedadi 2007) (Invitrogen) using a StepOnePlus Real-Time PCR system (Applied Biosystems, ThermoFisher Scientific). Optical 96-Well Reaction plates (Applied Biosystems, ThermoFisher Scientific) were used for fluorescence measurement. Wells were filled with 5 μL of a 150 mM Tris-HCl buffer (pH 8) and 10-18 μL of the phage suspension, after which the volume was adjusted to 23 μL with distilled water. Finally, 2 μL of a fresh 62× SYPRO Orange solution was added. For the experiments with DTT and glutathione, 23 μL of the phage suspension was directly added (experiments conducted in Tris-HCl buffer) before addition of the probe. A control prepared under the same conditions was added for each experiment. The plates were prepared on ice, and immediately sealed and centrifuged for 10 s in pulse mode (Multifuge X3 Center). Plates were equilibrated at 20
• C for 180 s, and the fluorescence intensity was then recorded with a temperature change rate of 1 • C/min between 20
• C and 95
• C. The sum of the fluorescence intensities obtained with all the filters (SYBR Green λ Em : 520 nm, JOE λ Em : 550 nm, TAMRA λ Em : 580 nm and ROX λ Em : 610 nm) was plotted against temperature (Excel software) to obtain the maximum fluorescence intensity of SYPRO Orange (λ Em : 570 nm). Denaturation temperatures (Tm) were determined by plotting the first derivative of the previous curve (it appeared then as a peak).
Denaturing polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE experiments were conducted under reducing or nonreducing conditions. Aliquots of 10 μL of the phage suspension were mixed with 10 μL of SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 25% (v/v) glycerol, 0.01% (w/v) bromophenol blue) containing or not DTT (50 mM) as reducing agent. The samples were then heat denatured at 95
• C for 5 min in a dry bath (Thermomixer comfort; Eppendorf, Hamburg, Germany). Aliquots of 5 μL of each sample were then loaded on a discontinuous polyacrylamide gel (stacking gel 4%, resolving gel 12%) using gel loading tips. Precision Plus Protein Unstained Standards (Biorad, Hercules, CA, USA) were used as standard size markers. Gel migrations were done by applying a voltage of ∼200 V for 35 min in a Mini-PROTEAN 3 cell (Biorad). Gel staining was then performed for 90 min with Oriole fluorescent stain (Biorad), washed out with distilled water, and then observed using a Gel Doc system. Bio 1D software (version 15.01) was used for densitometry measurement to estimate the relative proportion of each band in a layer based on the volume measurement (number of pixels in the band × pixel intensity, i.e. total signal intensity). The standard deviations of the average of the proportion are given.
Transmission electron microscopy
Immediately after disruption, the samples were diluted to obtain a concentration of about 10 11 PFU·mL −1 . Negative staining was achieved by dropping the samples on carbon-coated grids.
The droplet was then left in place for 180 s at room temperature and the excess liquid was discarded. The grids were then covered with 2% phosphotungstic acid (at the same pH as the 
sample) for 60 s and dried with filter paper. A CM200 transmission electron microscope (Philips, Andover, MA, USA) operated at 200 kV accelerating voltage was used to monitor the grids.
Data analysis
The statistical analyses were performed using Microsoft Excel. The P-values as well as the test performed are specified in the text when needed.
RESULTS
Variation in infectivity after treatment with oxidizing or reducing agents
The main objective of these experiments was to define reducing and oxidizing conditions under which phages remain infectious on the one hand, and show a significant decrease in infectivity (a minimum of 1.5 log unit was arbitrarily chosen) on the other hand. A two-step strategy was selected for both oxidizing and reducing agents. First, phage survival as a function of dose was evaluated (Fig. 1) . Then, inactivation for one specific dose was investigated in replicates (n = 3-8, Table 1 ). At the phage concentration used in this study (i.e. ∼5 × 10 12 PFU·mL −1 ), H 2 O 2 had a limited effect since all treatment events generated less than 0.5 log of inactivation (for example, 30 min treatment with 30 mM led on average to 0.1 log inactivation, Table 1 ). This chemical is known to be a powerful oxidant acting especially on cysteine residues (Simat and Steinhart 1998; Finnegan et al. 2010; Bundy and Swartz 2011) but, in the present study, it had no significant effect on infectivity under the tested conditions (30 mM for 30 min, pH 7.4, high viral concentration) (see the Discussion section below). Contrary to H 2 O 2 , NaClO led to inactivation of the phages in a dose-dependent manner. Indeed, a 1 mM concentration resulted in 1.7 log reduction in infectious phages on average after 10 min treatment (Table 1) . This oxidizing agent has already been identified as being able to inactivate MS2 phage, hepatitis B virus, poliovirus or murine norovirus, and to reduce the number of human norovirus genome copies (Nuanualsuwan and Cliver 2003; Kitajima et al. 2010; Wigginton et al. 2012 ). These two oxidizing agents therefore impaired the infective capacity of Qβ differently under our conditions. In order to explore reducing conditions, DTT and glutathione were used. For glutathione experiments, phages were stored in solutions with different GSH (reduced glutathione)/GSSG (oxidized glutathione) ratios (0.56, 20 and 2 × 10 4 ) for a final 5 mM glutathione concentration. None of the ratios used affected phage infectivity, a GSH/GSSG ratio of 2 × 10 4 leading instead to an increase in infectious titer compared to the initial phage suspension (+0.1 log which means 31% on average, Table 1 ). The increase in infectious particles (from 1% to 100%) was observed in seven out of seven independent experiments. Thus, applying a reducing environment (i.e. glutathione) before contact with the host bacteria slightly but significantly promotes infectivity (t-test, p c = 0.027). By contrast, as shown in Fig. 1a , DTT was really deleterious to infectious phages. A concentration as low as 0.5 mM led to only 6.3% of survival in average (1.2 log inactivation), whereas 2.3 log reduction on average was obtained with a 25 mM concentration (Table 1) . From these experiments we were able to define different oxidizing and reducing conditions which affected or not the infectivity of Qβ phage. Thus, DTT and NaClO were used at 25 and 1 mM, respectively (leading to inactivation >1.5 log). H 2 O 2 and glutathione were used at 30 and 5 mM, respectively (leading to no significant inactivation <0.5 log).
Impact of changes in the redox environment on the particle state
Transmission electron microscopy (TEM) was used to observe the effect of different redox environments on the particle state of Qβ phages. A 10-fold dilution of the initial phage suspension was used to obtain ∼10 11 PFU·mL −1 for all conditions. A major decrease in their number could be observed after 25 mM DTT treatment, with fewer phages observable (Fig. 2b) . Indeed, a count on 10 images taken under the same conditions gave an average of 820 particles for control, whereas only 120 particles were observed for phages subjected to DTT. It had previously been observed that the incubation of Qβ particles overnight with 20 mM DTT at 4
• C also led to very few visible particles but with the presence of some aggregates (Ashcroft et al. 2005) . For all other conditions (NaClO, glutathione and H 2 O 2 ), Qβ particles were not modified significantly and the phages seemed to maintain their global structure (Fig. 2c, d and e). Differential scanning fluorimetry (DSF) was then used to observe conformational modifications of the capsid that could not be revealed by TEM. This method allows real-time observation of the stability of proteins as a function of temperature, and it has already been used in stability studies for a large number of proteins (e.g. Escherichia coli proteins, silk protein, Clostridium collagenase) (Ericsson et al. 2006; Ohbayashi et al. 2012; Vollrath et al. 2014 ) but also for poliovirus or Equine rhinitis A virus (Walter et al. 2012) . In fact, the temperature at which a protein becomes denatured is obtained by observing the increase in the fluorescence of the probe SYPRO Orange. This probe has a high affinity for hydrophobic domains (Niesen, Berglund and Vedadi 2007) , which are unmasked when proteins unfold. The derivative curve (dF/dT) (Vollrath et al. 2014) allows direct visualization of the denaturation temperature, appearing as a peak, which corresponds to an inflexion point on the raw curve.
In this study, we observed that Qβ phage has a specific (compared to MS2 phage for example; Brié et al. 2016 ) and reproducible signature, with the observation of three average denaturation temperatures of on 46.6
• C, 59.4
• C and 79.6
• C (n = 21).
The thermal behavior of SYPRO Orange in contact with Qβ phage was monitored after exposure to reducing conditions. As shown in Fig. 3b , glutathione had little effect on the probe signature with no significant differences in the three denaturation temperatures, compared to the control (native Qβ phage, no oxidizing or reducing treatment). Contrary to this result, treatment with DTT had a significant impact on the thermal behavior of Qβ capsids with only the first peak (46.6
• C on average) still noticeable (Fig. 3a) . The increase in the fluorescence of the probe was quite high and may have covered up other transitions (Fig. 3a,  box) . The same experiments were carried out after treatment with oxidizing agents. NaClO also led to a major change in the thermal signature of SYPRO Orange in Qβ phage (Fig. 4a) , unlike H 2 O 2 (Fig. 4b) . The response of the probe when using NaClO was quite different from the one using DTT, with a noticeable change from 20
• C. The decrease in fluorescence intensity from 20 • C to 60 • C could have been due to water quenching (Cimmperman and Matulis 2011) . Indeed, the fluorescence intensity of SYPRO Orange was higher at the beginning of the experiment (×1.7 ± 0.3 on average) compared to the control (Fig. 4a, box) . This meant that some hydrophobic parts of the capsid were already revealed at room temperature after treatment with 1 mM NaClO or that the permeability of the phages was increased allowing the probe to reach inside hydrophobic regions. However, unlike DTT treatment, the capsids seemed to maintain some structural cohesion (consistent with the observation using TEM) because the last denaturation temperature of 80 • C, corresponding to denaturation and aggregation of CPs as already observed (Bundy and Swartz 2011; Fiedler et al. 2012) , was still visible.
Impact of changes in the redox environment on Qβ phage at the protein scale
SDS-PAGE was conducted on native and modified phages in order to investigate the impact of different redox environments on the CP and its oxidation state. In our particular case, this method allowed examination of the oxidation state of cysteine. Indeed, each CP of Qβ contains two cysteine residues located in the FG loop. These residues are located at the 5-and 3-fold axes (Fig. 5 ) of the Qβ capsid and can connect adjacent FG loops by disulfide bonds (Golmohammadi et al. 1996) . Thus, if cysteine thiols are oxidized, covalent disulfide bonds join five adjacent subunits, CP monomers, making a pentamer (at the 5-fold axis) and six adjacent subunits making a hexamer (at the 3-fold axis). Using SDS-PAGE, it is possible to observe the presence or absence of disulfide bonds by the presence or absence of these multimers (Bundy and Swartz 2011) . As expected, DTT led to a change in the oxidation state of cysteine. Indeed, for native phages (i.e. control, no treatment applied), the main bands were those corresponding to pentamers (∼73 kDa; 17.3% ± 2.2%; n = 16) and hexamers (∼93 kDa; 22.1% ± 3.5%; n = 16). By contrast, after DTT treatment the main bands corresponded to monomers (∼13 kDa; 56% ± 6%; n = 6) and the remaining proportion corresponded only to the A1 and A2 proteins. No pentamers or hexamers were observed (Fig. 6 ). This meant that disulfide bonds had been completely reduced. Similarly, other multimers (such as trimers) disappeared with DTT treatment which clearly showed its reducing power. Although glutathione did not lead to inactivation (as seen in part 1), we could observe similar results with this reducing agent thus confirming that reduction had taken place. Indeed, a major increase in the proportion of monomers (40.2% ± 4.3%; n = 5) could be noticed but, unlike in the treatment with DTT, it was sometimes still possible to distinguish bands corresponding to pentamers and hexamers and, to a greater extent, bands that fitted dimers (Figs 6 and 7a) . Thus, although both agents led to the reduction of some disulfide bonds, the few covalent bonds remaining after glutathione experiments could possibly explain the observed differences in Qβ infectivity and TEM images (less breakable capsids). Under both conditions, an increase on the gel for a band at about 38 kDa, which corresponded to the size of the A1 protein (Hofstetter, Monstein and Weissmann 1974; Karring et al. 2004 ), Figure 5 . Representation of the Qβ capsid from Protein Data Bank (PDB) 1QBE (Golmohammadi et al. 1996) . CPs are represented by cartoons, each color corresponding to a different conformation (A, B or C). Cysteine residues (sulfur atoms) are represented by yellow balls.
was observed (Fig. 6 , purple arrow). It confirmed that the A1 protein was also involved in some disulfide bonds.
SDS-PAGE results obtained for Qβ phage treated with oxidizing agents were quite different. Overoxidation of disulfide bonds can lead to the formation of compounds, like thiosulfinates or thiosulfonates, irreversible in the absence of specific enzymes (Gruhlke and Slusarenko 2012; Paulsen and Carroll 2013) . The oxidizing agents used in our study (H 2 O 2 or NaClO) did not form these compounds since the disulfide bonds could be reduced into thiol/thiolate with DTT (Fig. 6 , reducing conditions). However, NaClO caused significant damage to the proteins of the capsid of Qβ, especially to A1 and A2. The A2 protein (Fig. 6 , green arrow) was observed on native phages by a band at ∼44 kDa (Takamatsu and Iso 1982; Karring et al. 2004 ).
After NaClO treatment, this band was barely visible even under reducing conditions (Fig. 6, thin green arrow) . Besides, as stated previously, reducing conditions usually allow the A1 protein to be clearly seen (Fig. 6 ). After oxidation with NaClO, as for A2 protein, it was difficult to observe the band corresponding to the A1 protein (thin purple arrow, Fig. 6 ). The changes in the A1 and A2 proteins induced by NaClO treatment have yet to be explained, but they could have been due to cleavages (oxidation of some amino acids) that changed the size of the proteins or modifications that prevented fixation of the fluorescent probe. H 2 O 2 , at a concentration of 30 mM, did not change the electrophoresis profile of Qβ phages. As with native phages, and contrary to what was observed with NaClO treatment, the A1 and A2 proteins of H 2 O 2 -treated phages were still visible after reduction. Native and H 2 O 2 -treated phages appeared therefore similar when using SDS-PAGE. This confirms that once produced and purified out of the cell, Qβ phage is mainly in an oxidized form (presence of disulfide bonds).
Reversibility of the disulfide bonds
Glutathione and H 2 O 2 are reducing and oxidizing agents that had no effect on Qβ infectivity under our enumeration conditions but that are able to act on the disulfide bonds. We used these two chemicals to investigate the ability of Qβ phage to tolerate 'physiological' reversible oxidizing/reducing conditions. Under native conditions, as observed with SDS-PAGE, the cysteine residues of Qβ phage were oxidized (presence of disulfide bonds). These phages were then reduced by glutathione (GSH/GSSG = 2 × 10 4 , 60 min) followed by re-oxidation using H 2 O 2 (30 mM, 30 min). The efficiency of the reduction and oxidation could be assessed by SDS-PAGE (Fig. 7a) . As previously described, glutathione led to the reduction of most disulfide bonds. Subsequent treatment using H 2 O 2 resulted in the Figure 6 . Impact of reducing and oxidizing agents on the proteins of the capsids of Qβ phages (CP monomer ∼ 14 kDa). Green arrows show the A2 protein, purple arrows show the A1 protein. Thinner arrows indicate that the corresponding bands are less visible. Columns corresponding to NaClO treatment were obtained after disruption for 10 min, which was then stopped at 4 • C and followed by direct preparation for electrophoresis. No thiosulfate was added as it is a reducing agent. Control experiments with thiosulfate were also conducted and showed similar changes in the A2 and A1 proteins. recovery of the profile of the native Qβ phage with a majority of pentamers (18%; n = 2) and hexamers (21%, n = 2). For comparison, the SDS-PAGE profile of native corresponding Qβ phage contained 15% of pentamers and 18% of hexamers (n = 2) (Fig. 7a) . No effect on infectivity was observed. Indeed, an oxidation reaction using 30 mM H 2 O 2 , following reduction with glutathione, led to a slight decrease in the concentration of infectious phages (∼3.3 × 10 12 PFU·mL −1 compared to 4.8 × 10 12 PFU·mL −1 for control, Fig. 7b ). This decrease in infectivity was low and not significant compared to the control (t-test, p c = 0.16) even if re-oxidation (disulfide bonds are reduced and then re-oxidized) really occurred (confirmed by SDS-PAGE, Fig. 7a ).
DISCUSSION
The purpose of this study was to explore the impact and the involvement of physiological and non-physiological oxidizing/reducing agents on Qβ phage particles, especially on the proteins of the capsids (i.e. disulfide bonds, structure and expression of the hydrophobic regions). Because of their life cycle inside and outside their host, F-specific RNA phages like Qβ phage have a 'tolerance' to a wide range of oxidizing and reducing conditions. Their assembly takes place in Escherichia coli cytoplasm which is a reduced environment containing glutathione (Hwang, Sinskey and Lodish 1992; Bessette et al. 1999) . After their release in the anaerobic colon, the phages are then exposed to highly oxidizing conditions when they encounter the conditions of the external environment. At this stage, the cysteines located in the CP of Qβ phage (Golmohammadi et al. 1996) are certainly oxidized and form disulfide bonds (Bundy and Swartz 2011) . The first issue discussed here is the role of disulfide bonds on the stability and infectivity of Qβ phage. It has long been known that the reduction of disulfide bonds with powerful reducing agents such as DTT significantly decreases infectivity for viruses containing disulfide bonds in their capsid proteins (e.g. naked viruses, like polyomavirus, or enveloped viruses, like equine abortion virus or arbovirus) and has no effect on infectivity for viruses without disulfide bonds (e.g. enteroviruses, like poliovirus type 2) (Carver and Seto 1968; Hare and Chan 1968; Klingeborn and Dinter 1972; Anthony, Paredes and Brown 1992).
Our results are in agreement with previous studies since DTT treatment of Qβ phages having disulfide bonds induced complete reduction of the disulfide bonds and a marked decrease in infectivity. Moreover, no loss of infection was obtained for MS2 phage.
It has also been widely demonstrated that disulfide bonds are important for the stability of the capsid of naked viruses (Chen et al. 2001; Ashcroft et al. 2005; Caldeira and Peabody 2007; Fiedler et al. 2012) . However, most studies were carried out with VLPs. Our findings confirmed these observations but for infectious phages this time. After treatment with DTT, only a small number of Qβ particles could be observed by transmission microscopy and DSF profiles showed complete fixation of the hydrophobic probes at low temperature (46.6
• C). The capsid stability was weakened by DTT (potentially due to the reduction of disulfide bonds), leading to its dissociation when temperature approached 46
• C. Such a temperature was consistent with previous studies showing that the absence of disulfide bonds led to a decrease (40
• C) in the denaturation temperature (Tm) of Qβ capsids (Ashcroft et al. 2005; Fiedler et al. 2012) . To sum up, our data and literature data clearly show that disulfide bonds have a key role in the stability of Qβ phage capsid. As a consequence, their complete reduction causes infectivity to decrease. Interestingly, our study adds further insights to such knowledge. We have clearly shown that reduction in physiological conditions using glutathione induces reduction of most disulfide bonds present in the overall structure of the Qβ capsid, though without inactivation or modification of its dissociation temperature. Based on this experimental result, it can be hypothesized that the presence of some remaining disulfide bonds plays a part in stabilizing the global structure of the Qβ capsid as particles are still infectious. Two kinds of disulfide bonds seem to be involved, those which can be reduced only by DTT and play a major role in the stability of the phage, and those which can be reduced both by DTT and more physiological reducing conditions (glutathione) and play no significant role in the stability.
For the latter we have demonstrated at least two characteristics. Their reduction slightly increases infectivity and their oxidation/reduction with physiological agents is reversible without any significant change in their capacity to infect their host cell E. coli (under our titration conditions).
Because of the differences in redox potential between the human gut and the environment, our results support the presence of, at least, two kinds of infectious particles. On the one hand, there are the particles present in the replicative environment (i.e. the human gut) that possess at least some thiols in the reduced form (which may enhance their ability to infect E. coli). On the other hand, the particles present in the environment (oxidized conditions) have thiols involved in disulfide bonds which may allow phages to survive in the natural environment (protection of the viral genome).
During the viral cycle, injection of the genomic material of Qβ phage and of other viruses into their host cells is still not fully understood. It is still unclear how the maturation protein mediates its adsorption to the F-pilus and the molecular mechanisms explaining genome entry into cells (Dent et al. 2013) . These processes require some chemical changes in the environment outside the host cell as already described for others phages (Rakhuba et al. 2010) . Thus a change in the redox conditions of the local environment could be one of these chemical changes.
The second issue discussed here is the effect of an oxidizing environment. After treatment with H 2 O 2 , an oxidizing agent which preferentially oxidizes cysteine (cysteine k2 = 2.9 M −1 ·s −1 compared to 2.10 −2 M −1 ·s −1 for methionine) (Imlay 2003; Winter et al. 2008; Davies 2012) , no changes were observed in the SDS-PAGE profile. This result demonstrates that our native Qβ phage is an 'oxidized' infectious phage having disulfide bonds that allow stabilizing the viral capsid outside the host cell. The absence of viral inactivation using H 2 O 2 has already been observed on MS2 phage at a concentration of 10 5 -10 7 PFU·mL −1 using H 2 O 2 at 150 mg·L −1 (∼4 mM) for 10 min (Koivunen and Heinonen-Tanski 2005) . Even if H 2 O 2 is known to be an oxidizing agent leading to the inactivation of some viruses (e.g. MNV-1, X174, poliovirus type 1), it is used at higher concentrations [2.1% (∼620 mM) to 7.5% (∼2.2 M)], at lower concentrations in viruses (e.g. 6-7 logs at maximum), and on inert surfaces rather than in solution (Eterpi, McDonnell and Thomas 2009; Li et al. 2011) . In our study, the absence of viral inactivation with H 2 O 2 could be explained by the high viral concentration, the too short contact time, and the oxidation state of thiols (disulfide bonds) of native Qβ phages. Under the tested conditions, the objective was here to reproduce an oxidative environment dedicated to Qβ phage without any changes regarding infectivity. NaClO at 1 mM (50 mg·L −1 ) was used as extreme oxidizing condition. NaClO can modify a variety of amino acid residues (such as cysteine, methionine, tryptophan, tyrosine) (Berlett and Stadtman 1997; Davies and Truscott 2001; Ashrafi Kooshk et al. 2012) . This strong oxidizing agent, whose viruses can be exposed during disinfection processes of foodstuff or drinking water for example, is known to inactivate viruses and has already been proven effective in inactivating some caliciviruses (FeCV and CaCV at 300 mg·L −1 ) (Duizer et al. 2004) , poliovirus in wastewater (30 mg·L −1 ) (Tree, Adams and Lees 2003) and MS2 phage (2.9 mg·L −1 ) (Wigginton et al. 2012) . Cysteine is one of the most sensitive amino acids to oxidative stress due to, for example, reactive oxygen species (Berlett and Stadtman 1997; Davies and Truscott 2001) . For Qβ phage, the thiol residues of cysteine are already involved in disulfide bonds for the formation of hexamers and pentamers. Basically, NaClO may therefore not be able to lead to highly oxidized irreversible forms like thiosulfinate or thiosulfonate. For MS2 phage, it is different. It has already been shown that oxidants like UV or 1 O 2 cause cysteine residues to experience changes, inducing respectively a triple oxidation reaction and probably one oxidation adduct (Wigginton et al. 2010) .
Nevertheless, such treatment obviously causes other changes for Qβ that can explain viral inactivation. The absence of specific bands in SDS-PAGE corresponding to the A1 and A2 proteins means that the proteins are highly affected by treatment. We can make the assumption of potential backbone cleavages of A1 and A2 proteins. Indeed, both of these A1/A2 proteins and CP proteins contain sensitive amino acid residues including free cysteine residues. On MS2 and fr phages, it has been shown that some cleavages are 'facilitated' by the presence of both cysteine and RNA at the cleavage sites (Sigstam et al. 2013) . In our case, the A1 protein of Qβ contains four additional cysteine residues that may be involved in the cleavage, but none have been described for the A2 protein (this protein however contains other sensitive amino acids like methionine, a sulfur-containing amino acid) (Bacher, Bull and Ellington 2003; Rumnieks and Tars 2011) . A1 protein is only present for Allolevivirus (GIII and GIV) but not for Levivirus (GI and GII). It has been described as essential for phage infectivity (Hofstetter, Monstein and Weissmann 1974) even if its role is not fully known. The readthrough extension of this protein is thought to be surely located outside the capsid and linked to the coat protein domain by a linker followed by a potentially flexible, hydrophobic polyproline helix (Rumnieks and Tars 2011) . Such a particular shape and location can make this domain a preferential target for oxidative disruption. The higher sensitivity of A1 protein to oxidation may partly explain the lower survival of GIII and GIV compared to GI and GII in the environment.
For MS2 phage (GI), the maturation protein (corresponding to A2 for Qβ) has already been described as being a target for NaClO-induced disruption as well as CP (Wigginton et al. 2012) . The A2 protein is involved in the adsorption mechanisms to the F-pilus and in the lysis of the host cell for Qβ (Karnik and Billeter 1983; Reed et al. 2013) . Thus, a change in this protein could have prevented Qβ phage from initiating cell infection. The potential backbone cleavage of A1 and A2 proteins is probably involved in the decrease in infectivity of Qβ phage.
The hydrophobic signature of SYPRO Orange in Qβ phage is quite specific. The change in DSF profile observed at room temperature after NaClO treatment could have been due to the change in the overall structure of the proteins of the capsids of Qβ phage (revealing hydrophobic domains). Indeed, the viral capsid kept its spherical shape and globally its integrity after such modifications, as seen by TEM. Another possibility is that the treatment led to an increase in the permeability of the viral capsid. Thus, the probe may have stained some hydrophobic domains located inside the virus which had not been accessible previously. A change in hydrophobicity for some proteins after NaClO treatment has already been observed. Dissociation of tetramers of α2 chaperone into oxidized dimers, following a NaClO stress, leads to an increase in the overall hydrophobicity as measured by the fluorescent probe 8-Anilino-1-naphthalenesulfonic acid (Wyatt et al. 2014) . Using the same probe, it has been shown that NaClO leads to an increase in the surface hydrophobicity of Bovine Serum Albumin (BSA) (Ashrafi Kooshk et al. 2012) .
Thus, using NaClO we have been able to identify some oxidized damage that can explain phage inactivation in the environment or upon disinfection treatment. The proteins of the capsids are actually sensitive to changes in environmental oxidizing conditions but the modification does not seem to be located on the disulfide bonds.
This paper provides new knowledge on the interaction of phages with the oxidizing and reducing conditions of their environment. We have shown that the loss of infectivity in the presence of oxidizing or reducing agents is due either to the breaking of all disulfide bonds leading to capsid destabilization or to the modification of proteins especially A1 and A2. Moreover, the 'physiological conditions' clearly show that the oxidation and reduction of capsid disulfide bonds can be done without the loss of infectivity; these reactions may occur during the passage through the environmental medium to the human gut before contact with the host cell. These results suggest that redox reactions could be involved in the life cycle of Qβ phage. Further experiments are needed to confirm these hypotheses and to observe the modifications A1 and A2 proteins undergo.
Using pathogenic enteric viruses frequently involved in foodborne outbreaks (e.g. human norovirus, hepatitis A virus, and their VLPs), the reliability of the methods used in this work could be assessed to provide new insights regarding the overall structure of their capsids under different redox conditions.
